Abstract: Cell-penetrating peptides (CPPs) are peptides that cross cell membranes, either alone or while carrying molecular cargo. Although their interactions with mammalian cells have been widely studied, much less is known about their interactions with fungal cells, particularly at the biophysical level. We analyzed the interactions of seven CPPs (penetratin, Pep-1, MPG, pVEC, TP-10, MAP, and cecropin B) with the fungal pathogen Candida albicans using experiments and molecular simulations. Circular dichroism (CD) of the peptides revealed a structural transition from a random coil or weak helix to an a-helix occurs for all peptides when the solvent is changed from aqueous to hydrophobic. However, CD performed in the presence of C. albicans cells showed that proximity to the cell membrane is not necessarily sufficient to induce this structural transition, as penetratin, Pep-1, and MPG did not display a structural shift in the presence of cells. Monte Carlo simulations were performed to further probe the molecular-level interaction with the cell membrane, and these simulations suggested that pVEC, TP-10, MAP, and cecropin B strongly penetrate into the hydrophobic domain of the membrane lipid bilayer, inducing a transition to an a-helical conformation. In contrast, penetratin, Pep-1 and MPG remained in the hydrophilic region without a shift in conformation. The experimental data and MC simulations combine to explain how peptide structure affects their interaction with cells and their mechanism of translocation into cells (direct translocation vs. endocytosis). Our work also highlights the utility of combining biophysical experiments, biological experiments, and molecular modeling to understand biological phenomena.
Introduction
Cell-penetrating peptides (CPPs) have been widely studied as drug delivery vehicles for intracellular delivery of biomolecular cargo. 1 These peptides typically have 30 amino acids or fewer and contain positively charged amino acid residues. 2, 3 A variety of bioactive cargos have been delivered into mammalian cells using CPPs, including nucleic acids, [4] [5] [6] proteins, [7] [8] [9] [10] and nanoparticles, 11 and CPPs have even been studied in treatments for diseases, such as cancer and strokes. [12] [13] [14] Although much of the work with CPPs has been focused on delivery to mammalian cells, CPPs have also been used to deliver cargo into microbial cells, including multiple Candida fungal pathogens. 10, [15] [16] [17] [18] [19] Due to the emergence of drug resistance and the side effects of some traditional antifungal agents, [20] [21] [22] new treatments and drug delivery methods for combating fungal infections caused by Candida species are in demand, and CPPs could contribute to the development of new therapeutics. Although a number of CPPs can translocate into cells, the relationship between CPP structure and translocation is still not fully understood, and a molecular-level understanding of the translocation process, particularly for translocation into fungal cells, is needed. Previous mechanistic studies of CPPs have mainly focused on using fluorescently labeled peptides to visualize and quantify translocation by tracking fluorescence within cells. Using labeled peptides enables an understanding of translocation mechanisms from a biological perspective, as energy dependence of translocation or membrane integrity during or after translocation can reveal whether the translocation involves an endocytic process. 15, 16, 23, 24 However, fluorescent labeling of peptides cannot reveal exactly how the peptides interact with cells at the molecular level and the effect of the interaction on the peptides. Design of CPPs to target specific cells, such as Candida pathogens, and to utilize a specific translocation mechanism will require this molecular-level understanding of the structure-function relationship for CPPs.
Biophysical studies of CPPs have indicated that the structure of CPPs may relate to their translocation mechanism. Most of the previous biophysical studies were carried out using direct circular dichroism (CD) of peptides in aqueous or hydrophobic solvents or in a mixture of lipids or lipopolysaccharides to mimic cell membranes. 23, [25] [26] [27] [28] While CD data of CPPs in an aqueous solution provide information about the conformation of the peptides away from the cell membrane, these data fail in providing structural information while CPPs are very close to or on the cell surface. CD experiments in hydrophobic solvents or in solutions containing lipid vesicles move closer to the type of environment the peptides encounter in the presence of cells. To further improve in vitro studies, model membranes or lipid vesicles have been used to mimic the phospholipid bilayers of cell membranes. In previous studies, many CPPs, including Pep-1, MPG, pVEC, TP-10, MAP, and Tat, exhibited a random conformation in aqueous solutions. 26 When model lipid vesicles are added into the system, such as those composed of dimyristoylphosphatidylcholine (DMPC) and dioleoylphosphatidylcholine (DOPC), a higher order structure (a-helix) can be observed, and vesicle leakage is detected, which is analogous to membrane leakage for live cells. 26 Studies in solvents or in lipids are helpful in developing an initial understanding of how peptides may behave in the presence of cells. However, cells are very dynamic and complex systems, and these characteristics extend to the cell membrane and, in the case of fungal cells, to the cell wall. The Candida cell membrane lipid composition is different from the membrane of mammalian cells, 29 and the composition can vary between strains sensitive to azole drugs and strains resistant to azole drugs. 30 Model vesicles do not incorporate all of the complexities of cell membranes and membrane proteins to accurately predict how peptides interact with cells. 31 Avitabile et al. reported using CD spectroscopy to directly study the interaction between antimicrobial peptides, which are similar in structure and function to CPPs, with bacterial cells. 31, 32 The structure of the peptides during the initial interaction with cells can be resolved by CD measurement in the presence of whole cells, and time-lapse measurement of the CD spectrum provides the long-term conformational change in the peptides due to the interaction. Using this approach yields molecularlevel understanding of the peptide-cell interaction that can be compared to data on CPP translocation. Although live-cell CD measurements can reveal structural information about CPPs upon their interaction with cells, residue-level information on the interaction is still lacking with CD measurements. Molecular modeling can be used to understand the peptide-membrane interaction and predict the structure of peptides at the residue level. Molecular dynamics (MD) simulations are a commonly used approach for biological modeling and provide an atomistic level of detail for molecular interactions. MD simulations involve repeatedly applying Newton's equations of motion to the atoms in a system and are thus very computationally intensive. 33 To reduce the computational expense of MD simulations, Monte Carlo (MC) simulations can be used. MC simulations generate new system configurations by proposing a random move within the system and accepting the proposed move according to a probability function. 33 Another approach to reduce the computational intensity of simulations is to use coarsegrained models that group atoms together, rather than considering each atom individually. Gofman et al. developed the web-based simulation platform MCPep that combines MC simulations with a coarse-grained model of amino acids to enable fast simulations of peptide-membrane interactions. 34 MCPep and the model it is based on have been used to explore the location and orientation of peptides in membranes, the free energy of association of peptides with membranes, and the helical content of peptides when interacting with membranes. [34] [35] [36] [37] Although modeling is helpful to explain experimental observations and predict expected interactions of peptides with membranes, it can be computationally intensive and still focuses on model lipid membrane; 34 thus, modeling alone is not sufficient to fully discern peptide-membrane interactions.
In this study, we combined biophysical measurements, biological assays, and modeling to elevate our understanding of how CPPs interact with C. albicans. We combined CD measurements in solvents with direct CD measurements in the presence of C. albicans cells to understand the structure of CPPs in the presence of the cell membrane and evaluated the membrane depolarization caused by the peptides. In addition, we used MC simulation to understand the initial interaction of CPPs with a model membrane to gain a residue-level understanding of the mode of action and the conformational transition of the peptides upon interaction with a lipid membrane. Our results allow us to discern a biophysical explanation for secondary structure formation and translocation mechanisms of CPPs during their interaction with C. albicans. Our combination of biophysical, biological, and modeling techniques will help to improve the ability to design CPPs with specific modes of action.
Results
Our previous work and the work of others identified a number of CPPs that can translocate into Candida cells, including penetratin, Pep-1, MPG, pVEC, TP-10, MAP, and the antimicrobial peptide cecropin B (Table I) . 10, 15, 16, 38 Several of these peptides (penetratin, Pep-1, MPG, pVEC, TP-10, and MAP) also formed helical structures in a hydrophobic solvent or upon interaction with model lipids. 39 Their secondary structure formation was suggested to affect the translocation process, as scrambling the amino acid sequence to prevent a-helix formation significantly reduced the translocation efficacy in mammalian cells and secondary structure formation. 40 To better understand the translocation mechanism of these CPPs into C. albicans cells at the molecular level, we focused on their secondary structure and how this structure is related to the membrane association and internalization mechanisms of the peptides. We used a combination of experiments and modeling to gain this molecular-level understanding.
Circular dichroism in solution
We evaluated the structure of the CPPs in solution to gauge the effect of environment on secondary structure formation. The CD spectra of these peptides in an aqueous solution suggest that all of the peptides, except Pep-1, form random coils in a hydrophilic environment (Fig. 1) . In contrast to the other peptides, Pep-1 exhibits weak minima at 208 and 220 nm, which is characteristic of a weak ahelical structure [ Fig. 1(B) ]. The secondary structure of each of these peptides was previously studied in aqueous solution, [25] [26] [27] [28] and our results are consistent with those data. Although the peptides have little to no secondary structure in aqueous solution, the hydrophilic solution does not represent the environment of the peptides when they insert into the hydrophobic domain of the membrane's lipid bilayer. Thus, we also examined the structure of these peptides in 2,2,2-trifluoroethanol (TFE) to mimic this hydrophobic environment and better understand how the peptides behave in membranes. Consistent with previous research for these peptides, 26 ,39 all of the peptides showed a shift in the CD spectrum from a curve consistent with a random coil (or a weak helix, in the case of Pep-1) in aqueous solution to a curve consistent with an a-helical structure (minima at 208 and 220 nm) in TFE ( Fig. 1 ). Even in a mixture of 50% (v/v) TFE and 50% 10 mM Na 2 HPO 4 buffer, the conformational transition was significant for each of the peptides. Our results suggest that the formation of secondary structure for these peptides requires a hydrophobic environment, such as that of the cell membrane, and that the peptides are unlikely to maintain a helical structure in an aqueous buffer.
Circular dichroism with fungal cells
CD measurements in hydrophobic and hydrophilic solvents provide important information on how peptides behave in different environments, but these measurements in solvents fail to capture the complexity inherent in interactions with cells. To account for this complexity, we evaluated the interaction between peptides and C. albicans cells using a CD approach similar to that used previously to study the interaction of peptides and bacteria. 31, 32 A suspension of C. albicans cells with no peptide was used to measure the baseline CD spectrum. The cell suspension spectrum did not reveal any structural signatures in the far-UV spectrum, which allows this range to be used to identify structural information upon the addition of peptides. This baseline spectrum was subtracted from subsequent spectra of peptides in cell suspensions ( Fig. 2) , as suggested by Avitabile et al. 31, 32 The far-UV spectrum of each peptide at 5 mM was scanned after the addition of C. albicans cells. The 5 mM concentration represents the upper limit of the concentration that can be used, due to significant noise in the far-UV range at higher concentrations. To account for possible effects due to soluble intracellular components, the spectrum of each peptide in the presence of soluble cell lysate was collected and there was no observable difference in the spectra for peptides in solution and peptides treated with cell lysates (Fig. 2) . The CD spectra of peptides with C. albicans cells indicated penetratin, Pep-1, and MPG did not exhibit an increase in secondary structure in the presence of the cells [ Fig. 2(A-C) ]. Penetratin and MPG remained in a random coil structure in the presence of cells [ Fig. 2(A,C) ], while Pep-1 showed an ahelical structure with and without cells [ Fig. 2(B) ]. In contrast, the remaining peptides exhibited structural transitions in the presence of cells. For MAP and cecropin B, the transition was rapid. The random coil structure shifted to an a-helical structure immediately after the addition of the cell suspension into the peptide solutions [ Fig. 2(F,G) ]. Assuming the entire sequence is helical, these peptides have a strong amphipathic a-helical structure with all positively charged residues located on one side of the helix [ Fig. 3(F,G) ], which could promote interaction of the peptides with the negatively charged lipid head groups in the cell membrane. For pVEC and TP-10, the conformational transition to an a-helical structure became apparent after 30 min of incubation with cells [ Fig. 2(D,E) ], suggesting these peptides respond to the interaction with the membrane in a slower manner, which might be due to the imperfectly aligned charge on the surface compared with a model amphipathic CPP like MAP [ Fig. 3(D-F) ]. Our data validate the use of CD to study the structural transition of CPPs with live fungal cells by measuring the spectrum change when peptides are added into cell suspensions. Our live-cell CD and solution CD data together suggest that a hydrophobic environment is the driving force for the structural transition of CPPs and that the membrane lipids are likely responsible for this transition.
Simulations of peptide-membrane interactions
Although our CD data suggest conformational changes occur for many peptides when CPPs are near the cell membrane, the experiments do not provide information on the location of the peptides in or on the cell membrane. To gain this level of understanding, we used the MCPep web server to perform MC simulations that model the interaction of the peptides in the presence of C. albicans cells. The model membrane parameters were based on previous research on C. albicans membranes and membrane compositions. The solution was assumed to be a buffer with 10 mM salts, similar to our cell-based experiments.
One parameter we evaluated in the simulations was the free energy of membrane association (DG Total ), which represents the difference in free energy between the peptide in solution and the peptide in contact with the membrane (Table II) . 34 The DG Total is calculated from terms for the changes in free energies associated with coulombic interactions (DG coul ), salt and membrane interactions (DG SIL ), conformational change (DG conf ), and membrane deformation (DG def ). DG coul is calculated using the Gouy-Chapman theory, which relates electrostatic potential to the distance from the membrane surface, and DG SIL represents the free energy change required to transfer the peptides from the aqueous buffer to the hydrophobic membrane. DG conf is the free energy change associated with conformational shifts induced by the membrane and is calculated from the differences in internal energy and entropy between the aqueous phase and membrane-bound states of the peptides. DG def represents the free energy change due to changes in the thickness of the lipid bilayer caused by insertions in the membrane. 41 For all of the peptides, DG Total was negative, and DG coul dominated the free energy, indicating the electrostatic force between the positively charged peptides and the negatively charged lipid head groups leads to spontaneous interaction with the membrane. DG def had little impact on the total free energy, indicating deformation of the membrane during the interaction with the peptides is negligible. Interestingly, DG SIL and DG conf for pVEC, TP-10, MAP, and cecropin B were significantly negative compared with penetratin, Pep-1, and MPG. This suggests that these peptides not only interact with the charged domain of the membrane (negative DG coul ), but also with the hydrophobic domain composed of the lipid tails, resulting in the conformational change (negative DG SIL and DG conf ). pVEC, TP-10, and cecropin B also exhibited a conformational shift in our CD measurements [ Fig. 2(D,E,G) ], which can be explained by this negative DG conf . As discussed earlier, a hydrophobic environment is the driving force of the secondary structure formation for all the peptides (Fig. 1) . Thus, the negative DG SIL is consistent with the shift in CD spectra and the negative DG conf for these peptides. For the peptides that did not show the evolution of secondary structure while interacting with Candida cells (penetratin, Pep-1, and MPG), the only force that substantially contributed to the membrane association was the DG coul , indicating these peptides interact with the lipid head groups on the surface of the cell membrane and not with the hydrophobic lipid tails deeper within the core of the bilayers. The interaction of penetratin was previously modeled using MC simulations, 35 and our results align with these previous results.
We also simulated the conformation of the peptides on the surface of the membrane and membrane insertion of the peptides to seek a biophysical explanation for our observations during the CD measurements. For the peptides that showed a negative DG SIL and DG conf (Table II) , the simulations showed that the peptides either partially inserted (pVEC and TP-10) or fully inserted (MAP and cecropin B) into the hydrophobic core of the membrane, compared to the peptides that remained on the surface of membrane and did not show a conformational transition in the CD spectra (penetratin, Pep-1, and MPG) (Fig. 4) . Furthermore, the inserted residues showed an increase in helical content, suggesting a stronger preference for formation of a-helical secondary structure. In one out of three simulations for cecropin B, an extreme case occurred, where cecropin B exhibited a vertical transmembrane orientation [ Fig. 4(G) ]. This orientation is still consistent with a deep membrane interaction, but introduces the possibility of multiple insertion mechanisms for this peptide. Surprisingly, Pep-1 and MPG, which did not show a structural transition in the CD experiments with cells but did show an energetically favorable structural transition in free energy calculations, exhibited increased helical content in the simulations. This could be due to the difference in cells and the simulated membrane. The simulation relies on direct interaction with the membrane, which could be inhibited by the existence of the cell wall in live-cell experiments with these peptides. Pep-1 was previously shown to be trapped by the cell walls of C. albicans, which significantly inhibited intracellular translocation. 15 Overall, our MC Figure 3 . Helical wheels of CPPs. A single helix with no disruptions was assumed for each peptide. For peptides longer than 18 residues (MPG, TP-10, and cecropin B), the additional residues were placed outside the first 18 residues and are connected by a red line. Cecropin B has two helices, and only the first helix is presented. Helical wheels were generated using http://kael. net/helical.htm. . MC simulation of the interaction between CPPs and a phospholipid membrane. The membrane was assumed to be 30 Å with 40% charged lipids to mimic a fungal cell membrane, and the salt concentration was 10 mM. Three independent MC simulations were run with 500,000 MC cycles in each independent run, and the average of these runs is plotted. The average position of each residue was plotted on the left y-axis. The dashed line represents the location of the phosphate head group of the lipids. The helical content percentage of the peptides in buffer or in the presence of the membrane was plotted on the right y-axis. simulations bring a molecular-level understanding to our experimental data and build a connection between membrane association and the structure of CPPs.
Membrane depolarization assay
As we observed from our simulation results, interaction with the membrane core is possible for some CPPs. These close interactions with the core may affect the integrity of the membrane. 15 To understand the interaction of these peptides with the membrane and the biological effect on the cells, we used a membrane depolarization assay with 3,3'-dipropylthiadi-carbocyanine iodide (DiSC 3 (5)), a dye that is sensitive to membrane potential. DiSC 3 (5) were suspended in 1 mL of 10 mM Na 2 HPO 4 buffer. The cell suspension was used to measure the baseline fluorescence, and the release of DiSC 3 (5) was measured for 600 s (Fig. 5) . Penetratin, pVEC, and cecropin B, which showed the potential for direct translation in our previous work with C. albicans, 15 exhibited significant membrane depolarization within the first 100 s after adding the peptides to the cells. MAP exhibited a different behavior, where it depolarized the membrane rapidly, indicating strong membrane binding and interaction, likely due to its high amphiphilicity and high net charge. However, a hyperpolarization was observed after 700 s. This has been observed for peptides in other studies, [21] [22] [23] though the explanation is not clear. One possible cause could be internalization of the peptides, as internalization would reduce the amount of surface-bound peptide that is able to depolarize the membrane. Pep-1, MPG, and TP-10 showed results very similar to the control, suggesting minimal membrane depolarization is involved during their interaction with the cell membrane.
Discussion
As indicated in previous research, many well-known CPPs have a random conformation in aqueous solutions. 1, 25, 42, 43 Our results for penetratin, Pep-1, MPG, pVEC, TP-10, MAP, and cecropin B support this observation and also illustrate a link between a hydrophobic environment and secondary structure formation for these peptides. A hydrophobic environment drives peptides to form helical structures (Fig. 1) . However, peptides that remain in the hydrophilic domain of membranes do not exhibit a structural transition from a random coil to an a-helix [ Fig. 2(A-C) ], suggesting that the conformational shift does not occur unless the peptides insert into the hydrophobic environment of the core of the lipid bilayer. Previous attempts to understand the interactions of CPPs with membranes were focused on gaining structural information in hydrophobic solvents or through interactions with model membranes or vesicles. However, neither approach reflects the actual environment on the surface of cells. The cell surface presents proteins and glycans, and, in the case of fungal cells like C. albicans, the cell wall adds additional complexity. The complexity of the cell surface is likely to affect the interaction between the peptides and the membrane. Experimental methods that can take the complex cell surface into account are needed to give a more accurate representation of the interaction of peptide with cells. Limited research has been done to explore the possibility of using CD to gain information on the interaction of peptides with cell membranes. CD has been successfully used to study the interaction between antimicrobial peptides and bacterial cells, 31, 32, 44 and we extended these methods to studying the interaction of C. albicans yeast cells with CPPs. The CD measurements in the presence of cells combined with our MC simulations contribute to a comprehensive understanding of secondary structure formation during the interaction of the peptides with cells. The primary sequence of the peptides and the amphiphilicity subsequently affect the extent of interaction. Those peptides showing a CD signal shift and negative conformational free energy in our work (pVEC, TP-10, MAP, and cecropin B; Figs. 2 and 4, Table II) were previously shown to use a direct translocation mechanism involving permeabilization of the cell membrane and reduced cell viability. 15, 39, 45, 46 Consistent with our current observations, direct translocation would require the interaction of the peptides with the hydrophobic core of the lipid bilayer. Membrane penetration allows the CPPs to access the hydrophobic tail of membrane lipids, driving the formation of secondary structure (Fig. 1 , Table II ). For these amphiphilic peptides, a structural transition was previously suggested to be related to the membrane disruption and penetration through CD in solution and translocation and toxicity experiments, 39, 40 and our modeling provides mechanistic insight into these phenomena. In addition, our membrane depolarization data, along with our CD and simulation data, enable a more detailed understanding of translocation mechanisms. We previously found that Pep-1 and MPG use an endocytic pathway to gain intracellular access without affecting membrane integrity or the viability of cells. 15 This would require only brief interaction with the membrane. In this study, these peptides showed no secondary structure formation during interactions with cells and no significant membrane depolarization, suggesting the physical interaction between the peptides and cells stays on the surface layer of the membrane. This type of surface-level interaction is consistent with the initial interaction required for endocytosis, which often involves a specific interaction with a membraneanchored receptor on the cell surface. On the other hand, pVEC, MAP, and cecropin B deeply inserted into the membrane and showed a structural transition and membrane depolarization, which, consistent with previous work, 15, 39, 45, 47 indicates a direct translocation mechanism that involves damage to membrane integrity to allow translocation. Our combination of cell-based CD measurements and MC simulations provides a platform for understanding the structure-function relationships of helical CPPs. Given that MC simulations can predict how the peptides interact with membranes and how the interaction is related to the translocation mechanism, cell-specific, rational peptides design could be achieved by simulating the peptides to select the best candidates prior to cell-based experiments. In addition, to enhance the understanding of the dynamics of the membrane association and translocation mechanism, the MC simulations could be complemented by more detailed MD simulations to explore the detailed peptide structures and the dynamics of the translocation process over time, which cannot be achieved with the MC simulations.
Similarly, high-resolution imaging methods could reveal further biological and physical details of the translocation process for CPPs.
Conclusion
Our results show that experimental data can be combined with simulations to provide a more thorough understanding of the interaction of CPPs with cells. We showed that CD measurements in the presence of cells can be used to detect secondary structure transitions for CPPs during their interaction with the fungal pathogen C. albicans. Although CPPs may remain unstructured in aqueous solution, CD spectra and MC simulations combine to indicate that electrostatic forces dominate the surface interaction between the helical peptides and the membrane, but a closer interaction with the hydrophobic domain of the bilayers promotes a structural transition and leads to insertion and membrane disruption. Our methods provide a multifaceted approach for understanding the structure-function relationships of CPPs and for predicting the behavior of CPPs at the molecular level, which will aid in the design of peptides with specific properties and functions.
Materials and Methods

Peptides
The peptides used in this study (Table I) were commercially synthesized with an N-terminal 5-carboxyfluorescein (FAM) and a purity > 90% (Genscript). The lyophilized peptides were reconstituted in either 10 mM Na 2 HPO 4 buffer, TFE, or a mixture with a buffer/TFE ratio of 1:1 (v/v), depending on the assay.
Strains and culture conditions
C. albicans strain SC5314 was purchased from the American Type Culture Collection (ATCC). Cells were first inoculated from a yeast-peptone-dextrose (YPD) agar plate (1% yeast extract, 2% peptone, 2% glucose, and 2% agar) into 5 mL of YPD liquid medium (1% yeast extract, 2% peptone and 2% glucose) and grown overnight while shaking at 230 rpm. The overnight culture was subcultured into 5 mL of fresh liquid YPD at OD 600 5 0.1. The culture was grown at 308C with shaking to mid-log phase (4h; OD 600 5 0.5). Cells were collected by centrifugation at 4000g for 10 min and washed with 10 mM Na 2 HPO 4 buffer twice before finally resuspending in 10 mM Na 2 HPO 4 buffer with a final OD 600 5 0.2 (4 3 10 6 CFU/mL) for use in assays.
For experiments involving a cell lysate, the lysate was prepared from mid-log phase cells. Subcultured cells were lysed in 10 mM Na 2 HPO 4 buffer using a homogenizer (Avestin), and the lysate was diluted to the equivalent of 4 3 10 6 CFU/mL.
Circular dichroism
CD spectra were collected at 308C using a microcuvette quartz cell with a 10 mm path length (Fisher Scientific). The CD spectrometer J-810 (Jasco) was set to scanning mode with a 190-240 nm range, 50 nm/min scanning speed, 1 nm bandwidth, 1.0 nm data pitch, and 3-accumulation mode. For CPPs in solution, the measurements were performed with 400 mL of 5 mM peptide solution in 10 mM Na 2 HPO 4 buffer, TFE, and a buffer/TFE mixture with a ratio of 1:1 (v/v). The signal was converted to molar ellipticity [h] using
where h is the ellipticity (degrees), C is the molar concentration (M), and l is the cell path length (cm). For CD with live fungal cells, 200 mL of a prepared cell suspension or cell lysate was mixed with 200 mL of 10 mM peptide solution in 10 mM Na 2 HPO 4 buffer to achieve a final peptide concentration of 5 mM and a final cell concentration of 1 3 10 6 CFU/mL. The mixture was either immediately measured by CD or incubated for 30 min at 308C before CD measurement. Due to the existence of cells, the ellipticity for these experiments cannot be converted from [mdeg] to molar ellipticity. All experiments were performed on three separately seeded cell cultures.
Membrane depolarization
Membrane depolarization was evaluated using DiSC 3 (5) . Subcultured C. albicans cells were washed twice with 10 mM Na 2 HPO 4 buffer and concentrated to a final concentration of 1 3 10 7 CFU/mL. DiSC 3 (5) (ThermoFisher) was diluted to a stock concentration of 1 M in DMSO. A volume of 990 mL of cell suspension was added to a glass microcuvette, and the fluorescence emission was measured using a fluorometer (Molecular Devices; 633 nm excitation and 666 emission filters). This concentrated cell suspension containing no peptide was used to measure the baseline fluorescence level for 60 s with data collected every 3 s. The DiSC 3 (5) stock solution (1 mM) was added into the suspension, and the fluorescence was measured for another 120 s until the reading reached a steady level. Glucose (10 mL of a 50 g/L solution) was added into the solution to further reduce the fluorescence level for another 120 s. A volume of 10 mL of peptide solution (1 M) was then added into the cell suspension, and the fluorescence signal was measured for 600 s. All experiments were performed with three replicates.
Monte Carlo simulation
MC simulations of the peptides were performed using the MCPep web server (available online at http://bental.tau.ac.il/MCPep/), 34 which can be used with helical peptides. Peptide sequences were uploaded to MCPep to determine a model structure. The hydrophobicity of the membrane was represented as a smooth profile of 30 Å width, similar to a fungal cell membrane, 48 with the hydrophobic surface at a distance of 20 Å from the mid-plane. The negative charge was estimated based on the composition of C. albicans cell membranes, 30 that is, 20% phosphatidylinositol 1 17% phosphatidylserine 1 3% phosphatidylglycerol 5 40% charged lipids. The solution was set to contain 10 mM salts. Three independent runs of the simulations were performed with 500,000 MC cycles in each run. The total free energy of membrane association was calculated as the difference between the free energies of the peptide in water and in the membrane and is given by
The average distance to the mid-plane and the helical content percentage of each individual residue were also determined in the simulation.
